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Summary. 

In Victoria, the effect of mineral nutrition on the severity of 

eelwortn (Hetcrodera schachtii and Pratylenchus pratcnsis) and 

root-rot disease of cereals was first studied in 1936. Small 

applications of zinc sulphate to Wimmera Black fallow soil were 

found to promote a marked increase in growth and yield of wheat 

and oats, while the severity of the above diseases was reduced 

(Millikan 1938). Subsequent investigations have been directed 

at determining the effects of other minerals on the growth of 

cereals grown in Wimmera soil, and the nature of some of the 

factors concerned in promoting the responsiveness of the plants 

to applications of such minerals. The significance of these factors 

in relation to the apparent severity of root-rot disease has also 

been studied. The results of this work are set out hereunder. 

Nutritional Studies with Root-rot Fungi. 

While Steinberg (1938), Blank (1939. 1941), Foster (1939) 

and numerous other workers have shown that the need for minute 

quantities of various heavy metals is a phenomenon widespread 

amongst fungi generally, there is at present little information* 

available regarding the heavy metal requirements of specific cereal 

root-rot fungi. 

Experiments have therefore been conducted to determine 

whether certain elements which are known to be essential 

for the growth of higher plants are also essential for the normal 

development of some of the more common root-rot fungi 

occurring in Wimmera soil. 
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M ethod. 

Numerous preliminary experiments using Helminthosporium 

sativum and Fusarium culmorum were made to evolve a 

satisfactory synthetic nutrient solution which would encourage 

the normal growth of these fungi. Various solutions were tried 

including that used by Steinberg (1936) for Aspergillus niger. 

Some of the solutions, those containing ammonium nitrogen in 

particular, did not encourage normal sporulation and pigmentation. 

Starch and calcium chloride improved the growth of the fungi, 

notably in the case of F. cuhnorum. In this regard. Young and 

Bennett (1922) have reported that calcium stimulated the growth 

of a number of parasitic fungi grown in synthetic culture media, 

while Rogers (1938) obtained an appreciable increase in the 

growth of Phyniatotrichmn omnivorum by the addition of starch 

to the media. 

The addition of amino nitrogen and vitamins to the solution 

also stimulated growth in some instances. (Table 1.) 

As regards the heavy metals, several experiments were 

conducted to determine suitable concentrations. The following 

summarises the principal results obtained:— 

A concentration of five parts per million of copper was found 

to depress the growth of H. sativum and C. ramosa, although 

F. culmormn appeared to tolerate this amount. On the other 

hand, all fungi appeared to tolerate concentrations of five parts 

per million of either zinc or iron. Two parts per million of 

molybdenum, cobalt, boron, or nickel depressed the growth of all 

the above fungi. 

The composition of the final solution adopted was as follows:— 

Di-potassium hydrogen phosphate . . 1.0 grams per litre 
Magnesium sulphate 0.5 
Potassium chloride 0.5 „ 
Sodium nitrate 2.0 
Sucrose 30.0 
Starch 10.0 
Calcium chloride 0.5 
Asparagine 0.5 „ 
Clycine 0.2 „ ;> »> 
Thiamin (Vitamin B1) 5 parts per million 
1-ascorbic acid (Vitamin C) 5 ,, 

” Nicotinic acid 5 ,, ,, 
Iron (as FeS04. 7HaO) i 

’’ Zinc (as ZnS04. 7H20) i „ „ 
Manganese (as MnSOt- 7HsO) . . 0.5 „ «> 

Copper (as CuSO.i. 5HVO) o.i „ „ 
Double distilled water .. 1,000 ml. 

Amino nitrogen was omitted for studies with Hehninthosporium 

sativum and vitamins for studies with Fusarium culmonnu (see 

Table 1). Pure synthetic vitamins were used. These were 

added to the solution after the purification process described 

below to prevent dissociation by heat. 

The double distilled water was produced by a Pyrex glass still, 

and all chemicals were of analytical quality. Before the addition 

of the heavy metals and vitamins, the solutions were purified by 
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autoclaving with 15 grams of calcium carbonate per litre at one 

atmosphere pressure for twenty minutes and then filtering 

(Steinberg 1935). After this treatment the heavy metal 

contamination of the solution was tested by the dithizone method 

described by Stout and Arnoti (1939). 

The results of each of these tests showed that the total contents 

in each of the solutions of all the metals which react with dithizone 

was less than 0-02 parts per million. 

The solutions were then distributed to pyrex glass erlenmeyer 

flasks of 200 c.cs. capacity and the. heavy metals in solution were 

added by means of a pipette. All glassware was cleaned with 

1 : 1 hydrochloric acid and rinsed in double distilled water before 

use. After sterilization, 5 c.cs. of a suspension of spores of the 

appropriate fungus was added to each flask, bringing the final 

volume of the solution per flask to 50 c.cs. The cultures were 

then incubated at 25°C. for fourteen days. 

After incubation the cultures were filtered, and the mycelial 

mat was washed with hot water, dried in an oven at 103°C. for 

three hours and then weighed. Each treatment was replicated 

three times. 

Results, 

The comparative effects of amino nitrogen and vitamins on the 

growth of F. culmorum, H. sativum and C. ramosa are shown in 

Table 1. 

Table 1._Effects of Amino Nitrogen and Vitamins on Growth of 

Cereal Root-rot Fungi in Nutrient Solutions Incubated at 25° C. 

for Ten Days. 

1 
Fusarium H ehnint hospori u m Curvularia 

culmorum. sativum. ramosa. 

— Dry j 
Weight 

of Fungus 
in Drams. 

Per cent 
of Base 
Medium. 

Dry 
Weight 

of Fungus 
in Grams. 

Per cent 
of Base 
Medium. 

Dry 
Weight 

of Fungus 
in Grams. 

Per cent 
of Base 
Medium. 

Base medium 0-300 100 0-388 100 0-531 100 

Base medium 4- amino nitro¬ 
gen'" O’ 553 151 O' 352 91 0-004 125 

Base medium 4- vitamins .> 
p.p.m.t •• 0’324 89 0-489 120 0-529 100 

Base medium {- amnio nitro¬ 
gen vitamins 1 p.p.m. . . 0’492 134 0-309 95 0-635 120 

Base medium 4- amino nitro¬ 
gen vitamins 0 p.p.m. .. 0’449 123 0-382 99 0-606 114 

Base medium 4- amino nitro¬ 
gen 4- vitamins 20 p.p.m. 0*520 142 0-302 93 0-655 123 

Difference for significance 0-070 19-1 0-043 111 0-055 10-4 

* Asparagine 0‘5 grams and glycine O’2 grams per litre, 

f Thiamin (Bj) l-ascorhic acid (C), and nicotinic acid. 
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Although the general results of these experiments were in 

accord with those shown in Table 1, some variation in degree 

occurred, due probably to the use of different strains of the fungi. 

It is known that the physiology of such strains may vary. For 

instance, Pervitkhina (1938) found that several different strains 

of species of Fusarium on wheat differed widely in the. amount 

of amino nitrogen accumulated by them. Such differences were 

correlated with differences in their pathogenicity to wheat. 

While amino nitrogen stimulated the growth of F. culmorum 

and C. ramosa, it induced marked sectoring and usually a 

depression of the yield of H. sativum. While variants frequently 

occur in Helmlnthospormm Spp. (Christensen and Davies 

(1937)), their production in this instance by amino nitrogen, or 

in the case of other fungi by nitrite (Steinberg and Thom 1940) 

seems to offer a clue to their origin. The latter workers 

considered that the nitrite may have destroyed free amino acid 

groups in the hereditary mechanism. 

Ihe, addition of vitamins markedly increased the yield of 

H. sativum, and in some instances, slightly increased that of 

C. ramosa. On the other hand, the growth of F. culmorum was 

depressed. There is probably some relation between this result 

and the fact that on ordinary potato dextrose agar, H. sativum 

usually makes much slower growth than either F. culmorum or 

C. ramosa. It is known that some fungi, at least, are capable of 

producing vitamins B2 and C (Lewis 1938, Scheunert et al 1939, 

Robbins 1939), so that it seems probable, that the degree to which 

a fungus responds to the addition of vitamins to the media will 

be dependent on its inherent capacity to produce them itself. 

White (1941) has demonstrated that the vegetative development 

ot Ophiobolus graminis is dependent on the supply of biotin 

(Vitamin H) then thiamin (Vitamin Bi) and then a nutritional 

factor present in wheat straw, wheat roots, peptone and asparagine. 

As regards the effects of heavy metal deficiencies, twelve 

separate experiments were sown as it was found that, even though 

the dithizone test indicated a low concentration of heavy metals 

in the purified solutions, there was in many cases sufficient of 

either of one of the heavy metals to support moderate growth. 

The particular contaminants were not consistent in each solution. 

The results from typical experiments are given in Table 2, and 

the lowest percentage yield obtained from each deficiency 

treatments in all experiments with each fungus are set out in 

Table 3. 



Soil Conditions in Relation to Root-rot of Cereals. 149 

Table 2.—Results of Typical Experiment Showing the Effects of 

Deficiencies of Heavy Metals on the Development of Root-rot 

Fungi Grown in Nutrient Solutions at 25° C. for 14 Days. 

Treatment. 

Fusarium 
culmorum. 

Helminthosporium 
sativum. 

Curvularia 
ramosa. 

Dry 
Weight 

of Fungus 
in Grains. 

Percent¬ 
age of 

Complete 
Solution. 

Dry 
Weight 

of Fungus 
in Grams. 

Percent¬ 
age of 

Complete 
Solution. 

Dry 
Weight 

of Fungus 
in Grama. 

Percent¬ 
age of 

Complete 
Solution. 

Complete solution .. 0-017 100 0*500 100 0*670 100 
Manganese deficiency 0 - 450 73 0-410 82 0*435 65 
Copper deficiency .. 0-400 05 0*400 80 0-600 90 
Zinc deficiency 0*327 53 0 * 308 74 0-403 60 
Iron deficiency O'377 61 0*470 94 0-335 50 

Difference for Significance 0 034 5-5 0*062 124 0 053 7‘9 

These results indicate that the elements manganese, copper, 

zinc and iron are each essential to the normal development of 

some of the common root-rot fungi occurring in Wimmera black 

soil. In the case of Phymato trie hum omnivorum Blank (1941) 

has demonstrated the existence of important interactions between 

the elements, particularly for the combinations iron and zinc, and 

manganese and zinc. 

Table 3.—Lowest Percentage Yields Obtained for Each Heavy Metal 

Deficiency Treatment in all Experiments. 

Treatment. 
Fusarium 
culmorum. 
Per cent. 

Helminthosporium 
sativum. 
Per cent. 

Curvularia 
ramosa. 

Per cent. 

Complete solution 100 100 100 
Manganese deficiency 73 70 60 
Copper deficiency 64 80 87 
Zinc deficiency 21 48 60 
Iron deficiency 24 19 50 

Certain features characteristic of deficiencies of these elements 

were observed. These may be summarised as follows:— 

Zinc and Iron Deficiencies:—These treatments led to a very 

reduced aerial growth, although subsurface growth often occurred. 

Waksman and Foster (1938) have similarly reported that only 

a sparse aerial mycelium was formed in their cultures of Rhizopus 
nigricans, which were devoid of iron or zinc, the addition of 

which profusely stimulated both vegetative development and 

sporulation. 

Manganese Deficiency:—The effects of this treatment were 

very characteristic, particularly on H. sativum and C. ramosa. In 

the early stages growth was very reduced and typical small round 

colonies occurred either on the surface of the solution or on the 

bottom of the flask. 
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Copper Deficiency:—Even though surface growth was often 

not reduced appreciably, pigmentation during the first few days 

was practically absent in F. culmorum, while, in H. sativum and 

C. ramosa a pale yellowish-brown to light-greyish colouration was 

induced. This change in colour is similar to that induced in the 

spores of Aspergillus nig or by copper deficiency (Steinberg 1935, 

Mulder 1938b). After approximately ten days, however, the 

pigmentation of the cultures gradually deepened until it was 

practically normal. 

Discussion. 

The experiments have shown that the elements, manganese, 

copper, iron and zinc, which are known to be essential for the 

growth of higher plants, are also essential for the, normal growth 

of F. culmorum, H. sativum and C. ramosa. The results of other 

workers cited earlier have similarly demonstrated that the need 

for heavy metals for normal growth is a phenomenon manifested 

by a wide variety of fungi. 

Starkey (1938) has found that there can be no doubt that fungi 

develop vegetatively in the soil in the absence of appreciable 

amounts of readily decomposed organic matter. Fungus hyphae 

were found to be abundant even in fallow soil, Garrett (1939) 

in his review of the literature concluded that certain fungi 

pathogenic to plants, notably the wilt producing Fusaria, are also 

capable of living as saprophytes on the organic matter in the soil. 

Further Sadasivan (1939) has shown that F. culmorum plays an 

important part in the early decomposition of normal wheat straw 

buried in the soil. Krom their widespread distribution and 

persistence in the soil and their ready growth on artificial media, 

it is evident that other root-rot fungi such as H. sativum and 

C. ramosa are also capable of living as saprophytes in the soil. 

In this regard, Sandford (1933) has stated that soil borne 

pathogens such as Ophiobolus graminis and H. sativum can utilize 

soil nutrients for their own vital processes, but what nutrients 

were essential was not known. 

These results therefore indicate that the accumulation in the 

soil of a large population of root-rot and other saprophytic fungi 

may effect the growth of the, plant indirectly, by competing with 

the roots of the plant for the soil minerals which are essential 

to the normal development of both the soil fungi and the plant. 

Further investigations relevant to this conclusion are described 

later in this paper. 

Influence of the Soil Flora on the Availability of 

Soil Minerals. 

It has been shown (Starkey 1931, Clark 1940, Lochhead 1940, 

Timonin 1940a) that the presence of plant roots may exercise 

a profound effect on the soil microflora. Compared with the 
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population in soil distant from the roots, very large accumulations 

of bacteria and actinomycetes, and to a lesser extent of fungi 

occur in the rhizosphere. 

West and Lochhead (1940) found that these accumulations 

were associated with the excretion by the roots of stimulative 

substances such as thiamin, biotin, and amino-nitrogen. Further 

work by Lochhead et al (1940) and Timonin (1940b) has 

indicated that the rhizosphere of plants susceptible to soil-borne 

pathogens harboured larger numbers of fungi and bacteria than 

those of resistant plants. These results suggested the existence 

of inherent differences between resistant and susceptible varieties, 

resulting in a more pronounced “ rhizosphere effect ” in the case 

of susceptible plants. 

Such large populations of micro-organisms would require a 

greatly increased share of the mineral nutrients in the soil. It is 

probable that plant roots are unable to compete with the 

micro-organisms for the soil minerals on an equal basis. In soils, 

therefore, where a limited available supply of any mineral existed, 

a deficiency of that mineral in the plant may develop, as a result 

of the competition of the soil flora, with a consequent injurious 

effect on growth. It may well be that some of the symptoms 

associated with soil-borne diseases may be due, in some instances 

at least, as much to physiological disturbances in the plant arising 

from this and other causes as to the actual parasitism of the 

organisms concerned. 

The possibility of saprophytic soil fungi and bacteria rendering 

the soil minerals unavailable to the higher plants has been 

recognized only comparatively recently. “ Grey Speck ” disease 

of oats induced by manganese deficiency (Leeper and Swaby 

1940), “Reclamation disease” of oats induced by copper 

deficiency (Mulder 1938a), and “ Little Leaf 5 or “Rosette ’ 

disease of fruit trees in America induced bv zinc deficiency (Ark 

1937, Chandler 1937, Hoagland et al 1937) have been shown to 

be related to the activities of manganese, copper or zinc fixing 

soil micro-organisms respectively. It. was found that soils in 

which “ little leaf ” and related diseases occur can supply an 

adequate amount of zinc to the plant after they _ have been 

sterilized, thus curing the “little leaf ” condition. Piper (1938) 

has also demonstrated that “ reclamation disease ” of oats in 

certain areas in South Australia is associated with the lack of 

available copper in the soil rather than with the total amount 

present. The availability of the copper to the plant was increased 

by partial sterilization of the soil, and the plants grown in the 

autoclaved soil developed normally without any signs of the 

disease (Waite Institute 1939). In regard to the Robe district 

in South Australia, it is of interest to note that Riceman and 

Anderson (1941) have reported that, in the presence of applied 

copper, the addition of zinc sulphate increased the grain yield 

of oats. Manganese deficiency may be cured by sterilization with 
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formalin (Gerretson 1935) or by waterlogging the soil (Leeper 

1940). In the latter case lack of aeration would considerably 

curtail the activities of manganese-fixing organisms. Waksman 

( 1931) has discussed the effect of heat in increasing the solubility 

of soil minerals. 

It is recognized that the availability of soil minerals may be 

affiected by factors other than the biological status of the soil. 

Hibbard (1936, 1940 (&)) states that physical, chemical and 

biological conditions in soil, the nature of the plant and need 

for specific nutrients, &c., all effect the availability of soil 

nutrients. Fixation of minerals in the soil may be brought about 

by anion exchange, molecular adsorption and chemical precipita¬ 

tion. Cation adsorption by bacteria has been demonstrated by 

McCalla (1940). 

It is well established that changes in the soil reaction can 

appreciably effect the availability of soil minerals (Aleshin and 

Igritskaia (1938), Chapman et al (1939), Eaton and Wilcox 

(1939), Hibbard (1940a), Leeper (1935), McGeorge (1939), 

Midgley and Dunklee (1940) and others). It must be 

remembered, however, that while a change in the soil reaction 

may effect the availability of minerals, it may concomitantly have 

and appreciable effect on the biological status of the soil. It is 

considered that the correlation between these two changes has 

not been satisfactorily investigated. Leeper (1940) has reported 

that manganese deficiency disease of oats may be cured either 

by acidification of the soil below pH 6*5 or by alkalinization with 

caustic soda raising the pH over 8*5. Waksman (1931) has 

shown that the optimum reaction for most soil organisms is 

either around neutral or slightly alkaline, and that bacteria, and 

to a lesser degree, fungi are limited by increasing acidity. 

Similarly bacteria, fungi and protozoa are susceptible to increasing 

alkalinity and most forms are inhibited above pH 9*5. However, 

few crop plants will grow below pH 3*5 or above pH 9*0. 

It may well be that the deleterious effects which sometimes 

accompany the liming of acid soils may be due in a large degree 

to the establishment of a more favourable biological environment 

leading to an increase in the population of soil micro-organisms 

and a consequent increased demand for the available soil nutrients. 

Further reference to the effects of the soil micro-organisms on 

the availability of the soil minerals is made in the final discussion 

of the data presented in this paper. 

Effects of Soil Sterilization on Mineral Composition of 

Wheat Plants. 

Analyses of wheat plants grown in the Wimmera on black 

ground (Millikan 1940) have shown that even plants receiving 

no zinc sulphate have a relatively high zinc content. This 

indicates that the responsiveness of plants grown in Wimmera 

black soil to applications of zinc sulphate is not related to a complete 
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lack of zinc in the rhizosphere, but rather to a slightly insufficient 
supply in an available form. This insufficiency was made good 
by treating the plants with zinc sulphate, and the small increase 
in the zinc concentration which resulted from this treatment was 
accompanied by a marked improvement in the general growth of 
the plants. 

If, as suggested above, the deficiency of zinc available to the 
plant in the soil be due to competition between the plant and the 
soil flora for the soil zinc, it should also be possible to make up 
this insufficiency by sterilizing the soil to eliminate this competition, 
providing an adequate total amount of zinc existed in the soil. 

Experiments have been conducted at the Plant Research 
Laboratory, Burnley, during the three seasons 1938-40 inclusive, 
to determine, in the first instance, whether the availability to the 
plant of the zinc and other minerals in Wimmera black and red 
soils was affected by soil sterilization. 

M ethod. 

In 1938 and 1939 the comparative effects of the application 
of zinc sulphate in conjunction with superphosphate to sterilized 
and unsterilized Wimmera black fallow soil from Nhill and 
Salisbury were studied. 

In the first (1938) season metal containers six inches in 
diameter and six inches deep were used to hold the soil. The 
inside of each container was coated with a thin layer of high 
grade paraffin wax before use and the superphosphate and zinc 
sulphate were mixed with the top two inches of soil only. The 
treatments studied in both unsterilized and sterilized soil were:— 
Superphosphate 1^ cwt. per acre, and Superphosphate 1^ cwt. 
Zinc sulphate 30 lb. per acre, respectively. The soils were 
sterilized by autoclaving at two atmospheres pressure for two 
hours. The soils were air dry at the time of sterilization. Seven 
plants of Free Gallipoli wheat were grown to maturity in each 
pot, wrhile the moisture content of the soil was kept constant 
during the experiment at 50 per cent, of its waterholding capacity 
by the addition of distilled water every second day. Each 

treatment was replicated four times. 
During 1939 Nhill black fallow soil only was used in paraffined 

wooden boxes two feet square by six inches deep. The treatments 
studied were the same as in the previous year. The zinc sulphate 
and/or superphosphate were mixed with the top two inches of 
soil in eacli box. Free Gallipoli wheat was again used, the grains 
being spaced one inch apart each way. One composite sample of 
plants was taken at four, six and nine weeks after germination 
from the three replicates of each treatment, and were submitted 
to the Agricultural Research Chemist for ash analyses. 

A study of the comparative effects of soil sterilization, of Nhill 
black and red fallow soils respectively, on the mineral composition 
of wheat plants subsequently grown therein was made in 1940. 
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Paraffined wooden boxes were again used, but were two inches 
deeper than those, used in the previous season. No superphosphate 

or zinc sulphate was applied to the soils, and the sterilization 
treatment of air dry soil was at \ atmosphere for f hour, 
immediately prior to sowing. Each treatment was replicated 

three, times. Composite samples of plants from the three 
replicates of each treatment were obtained at four and eight weeks 
after germination and were submitted to the Agricultural Research 

Chemist for ash analyses. 

In the field at Nhill, wheat plots were sown without fertilizers 

on the same red and black fallow areas respectively from which 
the soils for the 1940 experiments at Burnley were obtained. 
Ash analyses were made by the Agricultural Research Chemist 

on plant samples obtained from these plots at six weeks after 
germination to determine whether the mineral compositions of the 
plants grown under field conditions differed to any marked degree 

from those of the plants grown in the same soils at Burnley. 

Results. 

1938. —The growth obtained in the sterilized soil was very 
much superior to that which occurred in unsterilized soil, both 
as regards height and depth of colour. The plants in the 
unsterilized soil' developed a marked yellowing of the tips of the 

leaves such as occurs commonly in the field at Nhill. 

In unsterilized soil, an improvement in growth due to the 

application of zinc sulphate was first noticeable when the plants 
were in the third leaf stage. Later the zinc treated plants became 

somewhat taller and showed better tillering. 

In the sterilized soil the zinc treatment had no apparent effect 
on growth up to the heading stage. At this stage, however, it 
was observed that soil sterilization exercised a profound influence, 
on the response of the wheat to zinc applications. Whereas in 
the unsterilized soil the effect of the zinc sulphate application was 
similar to that resulting under field conditions (i.e., to induce the 
earlier appearance of the ears), the zinc treatment in the sterilized 
soil consistently retarded the date of appearance of the ears by 

one week. (Plate X., tig. 5.) 

1939. —The effect of soil sterilization on growth was first 

noticeable three weeks after germinations. At this stage the 
plants growing in unsterilized soil showed poorer growth, were 
paler green in colour, and in many instances the tips of the leaves 
were beginning to brown. Later the development of the plants 
growing in unsterilized soil became very inferior to that of the 

plants in sterilized soil. 

As regards the effects of the zinc sulphate applications, little 
difference in growth at nine weeks after germination was induced 
in the plants growing in unsterilized soil. It was observed, 
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however, in the case of the sterilized soil series, that the average 
weight per plant in samples obtained at six and nine weeks after 
germination was reduced by the addition of zinc sulphate. This 
confirms the observation made in the previous season that the 
application of zinc sulphate to sterilized Wimmera black soil had 
a harmful effect on the growth of wheat. 

The analyses of the plants shown in Table 4 indicate that the 
sterilization of the soil had a profound effect on the mineral 
composition of the plants. Their silica ( SiCb), and lime (CaO) 
concentrations were reduced, while increases in their phosphoric 
acid (P2Ofl), potash (ICO), zinc (Zn), manganese (Mn), and 
nitrogen (N) concentrations occurred. Not only was the 
percentage of these latter constituents increased but the total 
amount of them absorbed would be very much greater than in the 
unsterilized soil owing to the great improvement in growth 
promoted by soil sterilization. 

Table 4.—Showing the Effect of Steam Sterilization of Niiill Black 

Fallow Soil on the Mineral Composition, at Four, Sin and Nine 

Weeks after Germination, of Free Gallipoli Wheat Grown 

Therein at Burnley during 1939. Results Of Analyses as per 

cent, on Dry Basis. 

— 

Ilnsterilized. Sterilized. 

Superphos¬ 
phate 

11 cwt. 
per Acre. 

Superphos¬ 
phate 

11 cwt. + 
Zinc Sul¬ 

phate 30 lb. 
per Acre. 

Superphos¬ 
phate 

11 cwt. 
per Acre. 

Superphos¬ 
phate 

H cwt. A 
Zinc Sul¬ 

phate 30 lb. 
per Acre. 

(a) Analyses Four Week*.after Germination. 

Crude Ash 14 • 45 14*63 17*41 17'86 
Silica Free Ash 9-88 9 * 99 13*08 12*93 
Silica (Si02) 4‘ 57 4HU 4*33 4-93 
Phosphoric Acid (P.O) 1-57 1*74 2-53 2-60 
Lime (CaO) 1-07 1*11 0*90 0*95 
Potash (KoO) 3 • 77 3 * 70 5*24 5*51 
Zinc (Zn) parts per million . . 34 39 54 78 

(b) Analyses Six Weeks after Germination. 

Crude Ash 13*67 14*48 17-37 16*79 
Silica Free Ash 8-49 8*27 14-07 13*59 
Silica (Si02) 5*18 6*21 3-30 3*20 
Lime (CaO) 116 1*17 0-94 0*92 
Phosphoric Acid (P206) I * 17 1*22 3-60 3-42 
Potash (KaO) 3*10 2*61 5 * 93 5 * 95 
Zinc (Zn) parts per million .. 31 35 57 74 

(c) Analyses Nine Weeks after Germination. 

Nitrogen 1*20 1*21 2*42 2-50 
Crude Ash 19*41 16*90 14-86 1402 
silica Free Ash 7 * 00 6 • 49 9-20 9-67 
Silica (Si02) 12*41 10*41 5*66 435 
Lime (CaO) 1*10 1*15 0*81 0 79 
Phosphoric Acid (P,Os) 0*68 0*75 2*22 2-26 
Potash (K20) 2*32 2*25 4*22 4 • 45 
Zinc (Zn) parts per million .. 32 QO 56 66 
Manganese (Mn) parts per million 1J 4 107 143 183 
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-Kesults ot analyses given in I able 4, showing the effect of steam sterilization of Nhill black fallow soil on the mineral composition at four, six 
and nine weeks after germination, of Free Gallipoli Wheat grown therein at Burnley during 1939. Analyses on dry basis. 
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The fact that the concentration of zinc present in the plants 
grown in sterilized soil treated with superphosphate only, was 
considerably higher than in the. unsterilized soil series plants 

treated with superphosphate plus zinc sulphate, indicates that 
when sterilized, the Wimmera black soil is capable of supplying 
an adequate amount of zinc in a form readily available to the 
plant. 

From these figures it also appears probable that the application 
of zinc sulphate to sterilized soil may even increase the amount 
of this element available to the plant above the optimum point 
and thus induce some deleterious effect on the growth of the 
plant, such as retardation in the date of heading noted in 1930 
or decreased weight per plant referred to above. The analyses 
show that such plants contained the highest concentration of zinc. 
Although plants require minute quantities of elements such as 
zinc, manganese and copper for normal growth Arnon and Stout 
(1939) have stated that most plants are also injured by very 
small increases in the concentrations of such elements in the 
plant. 

The zinc concentration reaches a maximum early in the 
development of the plant and subsequently falls to a very low- 
figure after heading. It is probable that the total amount of zinc 
in the plant does not decrease after the maximum concentration 
has been passed but that the percentage decreases due to 
“ dilution ” with dry matter. 

1940.-—Similar improvements in growth to those described 
above for the, previous two seasons resulted from the steam 
sterilization of both red and black fallow soils from Nhill. The 
unsterilized soil plants, besides being not as tall as the plants 
grown in sterilized soil, were pale green in colour and showed 
marked yellowing of the tips of the leaves; these latter symptoms 
were cured by soil sterilization. Yellowing of the tips of the 
leaves also occurred in the case of the plants under field conditions 
at Nhill. 

A comparison of the analyses of these field grown plants at 
six weeks after germination, with those of plants grown in the 
same soils in boxes at Burnley at four and eight weeks after 
germination, show very close agreement after allowance is made 
for the variations in the percentages of the constituents which 

occur with age (Table 5). 

In the black soil, the changes in the mineral constituents of the 
plants induced by sterilization were similar to those recorded in 
1939, i.e., the percentages of phosphoric acid (P205), potash 
(K20), zinc and manganese were increased. In the 1940 series 
the percentages of lime (CaO) and copper were also increased 
in the plants grown on sterilized soil. Sterilization had no effect 
on the percentage of magnesia (MgO) in either season. 
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In the. plants grown on red soil, sterilization induced similar 

changes in the percentages of mineral constituents to those which 

occurred on black soil, i.e., the percentages of lime (CaO), 

phosphoric acid (P2Oa), potash (ICO), magnesia (MgO), zinc, 

manganese and copper were increased. The relative increase in 

the percentage of manganese was much greater in red than in 

black soil, while only a slight increase in the precentage of zinc 
was recorded for the former soil at eight weeks after germination. 

An interesting effect of soil sterilization common to both soils 

was a decrease in the percentage of iron ( Fe) in the plants. The 

reason for this change is at present unknown. It may be 

associated with some antagonistic effect in the plant resulting from 

the other profound changes induced in mineral composition by 

soil sterilization. 

In view of the much superior growth of the sterilized soil 

plants compared with those grown in unsterilized soil, however, 

it is possible that the total amount of iron absorbed was not 

decreased by sterilization. 

One further point to be noted from Table 5, is that differences 

in the normal percentages of mineral constituents occurred 

between the plants growing on Winimera black and red soils 

respectively. v The red soil plants contained the highest 

percentages of phosphoric acid (P206), zinc and copper (the 

latter at eight weeks after germination) and the lowest percentages 

of lime (CaO), potash (ICO), manganese and iron. The 

percentages of magnesia (MgO) and nitrogen (N) recorded for 

the two types of soil were similar. 

These differences in the normal composition of the plants grown 

on the two types of soil are probably closely connected with, firstly, 

the lack of response in wheat to applications of zinc sulphate in 
the field ; secondly, the relatively smaller response on red than on 
black fallow soil from the application of such mineral mixtures 

as have been applied to date. The latter effect is described :n 

detail later in this paper. (Tables 8, 10, and 11.) 

These experiments have shown that certain plant nutrients 

become more readily available to the plant as a result of the 
sterilization of Wimmera red and black soils leading to improved 
growth and colour in the plants. This result is similar to that 

reported by Piper (1938), and cited above, in relation to copper 

deficiency disease of oats in South Australia. 

It was recognized that the availability of soil minerals can be 

appreciably affected by changes in the soil piI. The reactions 
of steam sterilized and unsterilized black and red fallow soils from 
Nhill have been determined, to discover whether the marked 
increases in mineral availability recorded above as a result of 

steam sterilization of these soils could be attributed, in part at 

least, to possible changes in pH induced by the heat treatment. 
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From the results below it will be seen that steam sterilization 

had no effect on the reaction of the soil:— 

Black fallow soil—unsterilized .. .. .. pH. 8-5 

Black fallow soil—steam sterilized .. .. .. pH. 8-5 

Red fallow soil—unsterilized .. .. .. pH. 6*2 
Red fallow soil—steam sterilized .. .. .. pH. 6*3 

Table 5.—Analyses, on Dry Basis, of Free Gallipoli Wheat Plants 

Grown on Wimmera Red and Black Fallow Soils Respectively 

at Nhill and Burnley during 1940, Showing Normal Differences 

in Mineral Composition of the Plants, and the Comparative 

Effects of Sterilization of Each Soil on the Availability of 

Minerals to the Plant. 

— 

Red Fallow Soil. Black Fallow Soil. 
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(a) Analyses Four Weeks after Germination. 

Lime (CaO) per cent. 
Magnesia (MgO) per cent. 
Potash (KoO) per cent. .. 
Phosphoric acid (Pa05) per cent. 
Zinc (Zn) parts per million 
Copper (Cu) parts per million 
Manganese (Mn) parts per million 
Iron (Pe) parts per million 

.. 0*43 0*05 0*61 
0*49 0*70 , , 0*48 
4*57 5*50 5*23 
1*60 2*51 1*05 

54 52 30 
17 21 10 
38 154 90 
21 24 84 

0-78 
049 
5*72 
1*93 

45 
15 
m 

59 

(b) Analyses Six Weeks after 

Magnesia (MgO) per cent. 
Phosphoric. Acid ?P205) per cent. 
Nitrogen (N) per cent. 
Zinc (Zn) parts per million 
Copper (Cu) parts per million 
Manganese (Mn) parts per million 
Irou(Fe) parts per million 

0-50 
0-76 
5*77 

28 
18 
40 
08 

Germination. 

0*49 
071 
5*55 

21 
18 

.. 70 
85 | .. | 

{<¥) Analyses Eight Weeks after Germination. 

Lime (CaO) per cent. 
Magnesia (MgO) per cent. 
Potash (K20) per cent. 
Phosphoric Acid (P20B) per cent. 
Zinc (Zn) parts per million 
Copper (Cn) parts per million 
Manganese (Mn) parts per million 
Iran (Fe) parts per million 

0*43 0*56 0*82 0*96 
0*39 0*37 0*35 0 35 
3*58 5*00 4*43 5*94 
0*80 1*65 0*63 1*85 

30 36 27 47 
24 25 5 8 
50 251 49 167 
45 25 35 27 

Further, as shown in Table 8, soil sterilization with 2 per cent, 

formalin produced a similar improvement in growth to that 

resulting from steam sterilization. 

Effects of Re-inoculation of Sterilized Soil with Soil 

Inhabiting Organisms. 

Preliminary investigations designed to be complementary to the 

soil sterilization studies reported above have been conducted at 

Burnley during 1939 and 1940. The object of this work was to 

5089/42.—2 



160 C. R. Millikan: 

LIME' CA0 

y 'O 

PHOSPHORIC 

ACID P2Os 

z 

BLACK SOIL 

CP 

in 

RED SOIL 

a S 
o 
^ ip 
c 
UJ -4 
M Z 

K20 

Z 

MAGNESIA 

Mg O 

ZINC Zn 

PARTS PER MILLION 

MANGANESE Mn 

PARTS PER MILLION 

IRON FE 

PARTS PER MILLION 

COPPER Cu 
PARTS PER MILLION 

LEGEND 
Irm Inn I 1 I 

Ill ll 1 1 ll li 

llil nn
nr

inn
n 

uJ i Bim 1 

1 ll ll mi La 1.11 

ANALYSES 4 WEEKS AFTER GERMINATION 

6 WEEKS " 
- 8 WEEKS 

& 
<u “ 

Ph S'V. , o< 

:s
 

o
f 

a
n

a
ly

s
e
s
, 

g
iv

e
n
 

in
 

T
a
b
le
 

5
, 

o
f 

F
re

e
 

G
a
ll

ip
o
li
 

w
h
e
a
t 

p
la

n
ts
 

g
ro

w
n
 

o
n
 

W
im

m
e
ra
 

re
d
 

a
n
d
 

b
la

c
k
 

fa
ll

o
w
 

s
o
il

s
 

re
s
p

e
c
ti

v
e
ly
 

a
t 

N
h

il
l 

u
rn

le
y
 

d
u
ri

n
g
 

1
9
4
0
, 

s
h

p
w

in
g
 

n
o

rm
a
l 

d
if

fe
re

n
c
e
s
 

in
 

th
e
 

m
in

e
ra

l 
c
o
m

p
o
s
it

io
n
 

o
f 

th
e
 

p
la

n
ts

, 
a
n
d
 

th
e
 

c
o

m
p

a
ra

ti
v

e
 

e
ff

e
c
ts
 

o
f 

s
te

ri
li

z
a
ti

o
n

 
:h
 

s
p

il
 

o
n
 

th
e
 

a
v
a
il

a
b
il

it
y
 

o
f 

m
in

e
ra

ls
 

to
 

th
e
 

p
la

n
t.
 

A
n

a
ly

s
e
s
 

o
n
 

d
ry
 

b
a
s
is

. 



Soil Conditions in Relation to Root-rot of Cereals. 161 

determine whether the activities of soil-inhabiting' bacteria and 

fungi in the rhizosphere in Wimmera soil affect the. growth of the 

plant indirectly by using the soil nutrients for their own vital 

processes, thus reducing the amount available to the plant. 

The results of nutritional studies on the heavy metal 

requirements of soil-inhabiting root-rot fungi have been described 

above. In addition to this work experiments were made on the 

mineral relationship of wheat plants grown in sterilized Wimmera 

black fallow soil re-inoculated with some of the normally occurring 

soil fungi and bacteria. 

Method. 

In 1939 portions of air dry black fallow soil were steam 

sterilized at two atmospheres pressure for two hours, and then 

inoculated with a mixed suspension of soil bacteria in water two 

months prior to sowing with Free Gallipoli wheat. After 

inoculation the moisture content of the soil was kept constant at 

50 per cent, of its water holding capacity. In the meantime a 

further portion of the original soil was kept air dry and was 

sterilized immediately prior to sowing. Paraffined containers 

6 inches in diameter and 6 inches deep were used to hold the 

soil. At sowing time the top two inches of soil in each container 

was treated with either superphosphate 14- cwt. per acre or 

superphosphate 1-J cwt. + Zinc sulphate 30 lb. per acre 

respectively. Each treatment was replicated four times and 

seven grains were sown in each pot. lhe moisture content of 

the soil was kept constant by the addition of distilled water every 

second day. 

In 1940 paraffined wooden boxes 2 feet square, by 8 inches deep 

were used to hold the soil which was sterilized two months before 

sowing by autoclaving at half an atmosphere pressure for £ hour. 

Separate' portions of this sterilized soil were immediately 

re-inoculated with a suspension in water of one of the following 

mixtures of organisms:—Root-rot fungi (Curvularici ramosa, 
Helminthosporium sativum, Fiisariunt culinorum), Saprophytic 

fungi (Rhisopus sp. and Pennicillium spp.), or a mixture of soil 

bacteria. To a further portion of sterilized soil 1 per cent, of 

unsterilized soil was added. 

The control treatments of sterilized soil only and unsterilized 

soil were set up at this time and were maintained under comparable 

conditions to the inoculated series. 

In the meantime a further portion of unsterilized soil was kept 

air dry and was sterilized immediately prior to sowing. Each 

treatment was replicated three times. No fertilizer was applied 

in this experiment, and approximately 500 grains of wheat were 

sown in each box. 
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Composite samples of plants were obtained from the three 
replicates of each treatment at both four and eight weeks after 

germination and were submitted to the Agricultural Research 
Chemist for ash analyses. 

Results. 

1939. —In the uninoculated sterilized soil, it was found that 
the application of zinc sulphate retarded growth, in contrast to 

the stimulation of growth promoted by this treatment in the 
unsterilized soil. These effects were in accord with the results 
of other experiments with fallow soil reported above. The 

retardation of growth in sterilized soil was first noticeable in the 
fourth leaf stage, six weeks after germination. 

On the other hand, the zinc sulphate application to sterilized 
soil re-inoc:lated with bacteria definitely stimulated growth. This 
stimulation was first noticeable approximately eight weeks after 
germination. 

From this preliminary experiment it was evident that the zinc 
responsiveness of Wimmera black fallow soil which is destroyed 
by steam sterilization can be re-established by inoculating such 
sterilized soil with soil bacteria. 

1940. —The big improvement in growth due to soil sterilization 
which occurred in this experiment was similar to that described 
above for other experiments, where a similar treatment was given. 
The growth in the soil sterilized two months prior to sowing was 
slightly superior to that in the soil sterilized immediately prior to 
sowing. 

At the time of first sampling four weeks after germination, 
no obvious differences in growth between the sterilized only soils 
and the sterilized soils re-inoculated with soil organisms was 
discernable. 

At eight weeks after germination, however, when the second 
samples were taken, the plants in the inoculated sterilized soils 
appeared slightly paler green in colour than the sterilized soil 
controls. The tips of the leaves of the plants in the sterilized 
soil inoculated with root-rot fungi were slightly yellowed. 

The results of the analyses made on these samples are shown 
in Table 6. Several points of some significance may be noted 
from a study of these figures. In the first instance a gap of two 
months between sterilization and sowing evidently had a beneficial 
effect on the availability of potash (K20), magnesia (MgO), and 
manganese, to the plant. On the other hand, the lime (CaO) and 
phosphoric acid concentrations were higher in the plants grown 
in soil sterilized immediately prior to sowing. It is known that 
after soil sterilization, time is sometimes required before the full 
benefit of the treatment on subsequent plant growth is achieved. 
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A time factor doubtless operates in relation to the, autolysis of 

soil organisms subsequent to soil sterilization, and the concomitant 
release of plant nutrients. 

Table 6.—Preliminary Experiment with Wimmera Black Fallow Soil 

Conducted at Burnley during 1940, Showing Comparative Effects 

of Sterilization Two Months Prlor to Sowing, Immediate 

Re-inoculation of such Sterilized Soil with Soil Fungi or 

Bacteria, and Sterilization Just Prior to Sowing Respectively, on 

the Mineral Composition of Free Gallipoli Wheat Plants Grown 

Therein. Analyses on Dry Basts. 
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(a) Analyses Four Weeks after Germination. 

Lime (CaO) per cent. 0-61 075 078 0-89 085 0-76 0-89 
Mangesia (MgO) per cent. 0-48 0*48 0 49 0-51 0-52 056 0-52 
Potash (K,0) per cent. 5 23 5-50 5 72 5-61 5-68 6-11 5-50 
Phosphoric acid (P205) per cent. .. 105 1-75 1-93 1-55 1-77 1-52 1-45 
Zinc (Zn) parts per million 30 41 45 47 46 49 46 
Copper (Cu) parts per million 16 20 15 24 34 30 15 
Iron (Fe) parts per million 84 55 59 71 50 48 45 
Manganese (Mn) parts per million 90 138 133 123 120 ,117 130 

(£>) Analyses Eight Weeks after Germination. 

Lime (CaO) per cent. .. 0-82 081 0 • 96 0 94 0-94 0-93 0-90 
Magnesia (MgO) per cent. 0-35 0’47 0-35 0-34 0135 0-38 046 

Potash (K-jO) per cent. 4-43 6-93 5-94 6-17 6-40 6-69 6-57 

Phosphoric Acid (P*06) per cent... 0-63 1-48 1-85 1-61 1' 53 1*46 1-11 

Zinc (Zn) parts per million 27 49 47 41 50 44 36 
Copper (Cu) parts per million 5 7 8 9 14 9 9 

iron (Fe) parts per million 35 31 29 29 29 26 31 

Manganese (Mn) parts per million 49 203 167 140 149 161 151 

A second point of importance to be noted from the results is 

that the general nutritional level of the plants in the sterilized 
re-inoculated soils even four months after inoculation is still 

very much higher than that of the unsterilized soil plants. It is 

evident, therefore, that to obtain the full effects of re-inoculation 
of sterilized soil, analyses should be made later than eight weeks 
after germination. Probably more reliable information would 
he obtained by making analyses on the “ residual effect in stubbie 
sown plants in the season after inoculation. Fungi often grow 
only moderately well on sterilized soil without the. addition of 
stimulating substances. Such substances are secreted by plant 
roots. References to this “ rhizosphere effect ” have been cited 
at the beginning of this section. It seems probable, therefore, 

that the increase, in the organisms inoculated into sterilized soil 

would be greater after the plants had become established than 

before. 
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Fig- 3- F^ults, of analyses, given in Table 6, of a preliminary experiment with Wimmera black fallow soil conducted at Burnley during 
1V4U, showing comparative effects of sterilization two months prior to sowing, immediate re-inoculation of such sterilized soil with soil 
tungi 01 bacteria, and sterilization just prior to sowing, respectively, on the mineral composition at four and eight weeks after 
germination of Free Gallipoli wheat plants grown therein. Analyses on dry basis. 
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This latter is in accord with the analyses of the plants. Whereas 

the inoculations of sterilized soil had little effect on the percentage 
composition of the plants at four weeks after germination, the 

analyses four weeks later show some marked changes. Compared 
with the control plants in Sterilized (April) Soil, the analyses 
eight weeks after germination showed lower percentages of 

phosphoric acid (P2On), potash (K20), magnesia (MgO), zinc 
and manganese in some or all of the inoculation treatments. 

The results of this preliminary experiment have shown that 

the presence of soil inhabiting organisms in the rhizosphere may 

decrease the availability of certain mineral nutrients to the plant. 

The variable results reported from inoculation tests using 

sterilized soil may well be due to the fact that the effects of the 
competition between the plant and the organisms for the soil 
minerals was not apparent, owing to the marked increase in the 
amount of available soil minerals due to the sterilization treatment. 

The time factor is obviously very important in all such 
experiments. This may be the explanation of the results of 
Sandford (1941) who found that Rhisoctonia solani was not 

virulent in sterilized soil. 

Mineral Treatment in Relation to the Apparent 
Severity of Root-rot Disease. 

The literature on the effects of manuring and other treatments 

on the development of soil-borne diseases in plants has been 

reviewed by Garrett (1939). 

Deficiencies of available plant nutrients in the soil may be 
induced by a variety of causes; some references have been cited 
earlier. Where such deficiencies exist, the resulting symptoms in 
the plant such as restricted growth and reduced yield, would, if 
associated with the occurrence of root-rot lesions in the plants, 

be liable to be wrongly attributed to the direct effects of root-rot 
organisms. The apparent severity of the root-rot disease would 
therefore appear to be greater than its actual severity. Alleviation 

of the soil deficiency by suitable treatment may therefore decrease 
the apparent severity of the disease without actually decreasing 
the number of lesions on the roots of the affected plants.^ This 
is probably the explanation of the results of Russell and Sallans 
(1940), who found that although the applications of phosphatic 
fertilizers frequently increased the yield of wheat, there was 
usually, if anything, a slight increase in the common root-rot 
disease rating of the fertilized plants. In view of the increased 
yields produced by the. fertilized plants, however, it is obvious 
that the apparent severity of the disease must have been reduced. 

Other instances have been recorded where the occurrence of 

soil mineral deficiencies had appreciable, effects on the apparent 
severities of disease in susceptible plants grown in those soils 
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(Samuel 1934, Miles 1936, Millikan 1938, Walker and Musbach 

1939, Vanterpool 1940). The application of the appropriate 

mineral not only cured the deficiency, but also reduced the 

apparent severity of the disease. This latter beneficial effect is 

evidently bound up more with the curing of a physiological 

disorder, resulting in an increase in the vigor and yield of the 

plant, than with any increase in the plant’s resistance to fungal 

attack. 

In a study of the root-rot problem, it is therefore of paramount 

importance to distinguish between symptoms caused by physio¬ 

logical disorders in the plant induced by external factors and 

those caused by the direct effects of the root-rot organisms. 

The results recorded earlier in this paper have indicated that 

the fungi and bacteria inhabiting Wimmera black soil may exercise 

an indirect, harmful effect on plant growth by competing with the 

plant for the soil nutrients. It would follow, therefore, that a 

mineral treatment would help to overcome the indirect effects 

of these organisms on plant growth by supplying additional 

nutrients in a form immediately available to the plant, thus 

producing an improvement in growth at least approaching that 

resulting from steam sterilization. 

Where other environmental factors such as soil moisture were 

optimum for growth, the presence, of soil inhabiting organisms 

which may become plant pathogens would tend to prevent such 

a treatment from inducing an improvement in growth completely 

comparable with the effect of sterilization. Further, to obtain 

the maximum response in growth the ingredients of the treatment 

applied would necessarily need to be of a proper kind and 

proportion to meet the particular needs of the soil concerned. 

Such a treatment could only be developed after much research. 

Under these conditions, the relative growths obtained in the 

sterilized soil, and in unsterilized soil supplied with additional 

nutrients, would give an indication as to the real effects on plant 

growth of the root-rot organisms present in that soil. Such an 

experiment, it seems to the writer, is the only means by which 

the actual pathogenicity of root-rot organisms can be evaluated. 

To determine the effects of mineral treatment on the 

development of cereals grown on Wimmera soil, experiments 

have been conducted in the greenhouse at the Plant Research 

Laboratory, Burnley, in 1939 and 1940, and in the field on the 

farm of Mr. C. P. Dahlenburg, Nhill, during the seasons 1938 to 

1940 inclusive. The effects of such treatments on the abundance 

of root-rot lesions on the plant was also determined in the field 

experiments. 
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Greenhouse Experiments, 1939-40. 

Nhill black wheat stubble soil was selected for the first 
experiment which was conducted during 1939. The growth of 
wheat and oats on such soil is usually very poor. The following- 

year the experiments were extended to include Nhill black and 
red fallow soils in addition to the black stubble soil. 

Method. 

Each treatment was replicated four times and all fertilizers and 
minerals were applied to the top two inches of soil only in each 
container, which measured six inches in diameter by six inches 
deep. Each was coated with a thin layer of high grade paraffin 
before use. With the exception of the first experiment in 1939, 
the soils at the time of sterilization were air dry, and the 
treatment was for three-quarters of an hour at one-half 

atmosphere pressure. 

Before sowing, the moisture content of the soil was adjusted to 
50 per cent, of its moisture holding capacity, and was kept 
constant at this figure during the experiment by the addition of 
distilled water thrice weekly. Seven grains of Free Gallipoli 

wheat were sown in each pot. 

At the termination of the 1940 experiment, the dry weights 
of the plants wei'e obtained. 

The treatments studied in each season were as follow:— 

1939.—A dressing of either superphosphate \\ cwt. per 

acre, or superphosphate \\ cwt. -j- zinc sulphate 40 lb. per 
acre was applied to unsterilized soil, sterilized soil (half 
atmosphere for half hour) and sterilized soil (two 
atmospheres for two hours) respectively. A further 
treatment consisting of unsterilized soil -f- mineral mixture 
(see Table 7 for composition) was included. 

194C—The treatments applied to each type of soil in 1940 

are shown in Tables 7 and 8. 

Table 7.—Greenhouse Wheat Experiments, Burnley, 1939-40, Showing 

the Compositions, *ht Pounds per Acre, of the Mineral Mixtures 

Applied to the Various Types of Nhill Soil (i.e., Black Fallow, 

Black Wheat Stubble and Red Fallow) Used. 

Constituent. 1939. 
1940 Mixtures. 

1. 2. 3. 4. 5. 6. 7. 8. 

Superphosphate .. 168 112 168 168 168 56 56 168 168 
Sulphate of ammonia 112 28 112 112 112 112 112 112 112 
Zinc sulphate 40 20 20 20 20 , . 20 
Manganese sulphate 40 15 15 30 30 30 30 15 
Sulphate of potash 25 25 25 25 25 25 25 25 
Magnesium sulphate 30 20 30 30 20 20 
Copper sulphate .. 4 3 4 4 5 .. 
Iron sulphate 10 15 15 15 is 15 
Cobalt chloride .. 2 2 2 2 4 4 
Ammonium molybdate 2 2 2 4 4 
Nickel sulphate .. 1 2 2 2 4 4 
Borax ,. 2 2 2 *• 
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Results. 

Marked differences in growth were induced by certain of the 
treatments (Plate X., fig. 6; Plate XI., fig. 7). As seen in 
Table 8 the greatest increases were promoted by soil sterilization 
with either steam or formalin. The mineral mixtures also induced 
appreciable increases in growth, particularly in the black stubble 
soil in both 1939 and 1940. In this soil the appearance of the 
mineral treated plants up to the heading stage was only very 
slightly inferior to that of the sterilized soil plants. Growth on 
stubble is normally much inferior to that on fallow. 

One point of particular interest revealed in Table 8 is that 
whereas the addition of the elements magnesium, copper, cobalt, 
molybdenum, nickel and boron to the mixtures applied to black 
fallow soil significantly depressed the yield, their inclusion in 
the black stubble soil mixtures caused a very appreciable increase 
in the weight of dry matter produced. Evidently the process of 
fallowing Nhill black soil increases the availability of some, at 
least, of the elements listed above. In this regard it is of interest 
to note that in Western Australia the growth of “ rosetted ” pines 
suffering from zinc deficiency ( Kessell and Stoate 1936) has been 
found to be stimulated by injections of manganese, iron, cobalt, 
nickel, molybdenum and boron in addition to zinc (Hearman 
1938). Similarly Ricemau and Anderson (1941) have reported 
that in the Robe area in South Australia the addition of zinc 
sulphate in the presence of applied copper, increased the grain 
yield of oats considerably. 

Although the colour of the plants grown in the red soil was 
lighter than that of the black fallow soil plants, the dry weight per 
plant of the former was greatest. In the field, on the other hand, 
the yield on black ground is usually superior to that on red ground. 
This is due largely to the fact that the moisture, holding capacity 
of red ground is not as great as that of the black, and plants in 
the former type of soil are consequently liable to suffer most from 
a lack of moisture. This limiting factor was eliminated in the 
greenhouse experiments. 

The occurrence of “ dead-heads ” which is a common feature 
of red-ground crops in the Wi miner a district (Plate XII., fig. 11) 
is also considered to be closely correlated with the moisture 
relations of the plants. They occur most commonly under dry 
conditions. Further reference is made to this aspect in the 
discussion later. It will suffice to state here that while no 
“ dead-heads ” developed in the plants in the greenhouse 
experiment, they were very prevalent in plants grown in the. same 
season and soil under very dry field conditions. 

No accurate quantitative determinations of the severity of 
root-rot lesions on the roots of the plants in the greenhouse 
experiments were possible. It was observed, however, that root 
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development was much superior in the plants receiving the mineral 
mixtures, which resulted in decreases in the apparent severity of 

the lesions. 

The significance of these results is discussed after a description 
of complementary field experiments. 

Table 8.—Results of Greenhouse Experiments. 1940, Showing the 

Comparative Effects of Sterilization and Mineral Treatment of 

Nhill Sotls on the Dry Weights of Free Gallipoli Wheat Plants 

Grown Therein. 

Black Fallow. 
Black Wheat 

Stubble. 
Red Fallow. 

Treatment. Dry 
Weight 

per 
Plant 

Grams. 

Per¬ 
centage 
Increase. 

Dry 
Weight 

per 
Plant 

Grams. 

Per¬ 
centage 
Increase. 

Dry 
Weight 

per 
Plant 

Grams. 

Per¬ 
centage 
Increase. 

Unsterilized 
Unsterilized + Superphosphate 1 cwt. 

0-328 0119 0-823 

per acre 
Unsterilized -(-Superphosphate 

0-437 33 

0-114. 0-834 cwt. per acre . . 
4* 1 

Unsterilized -f Mineral Mixture No. 1 0-572 74 
Unsterilized 4 Mineral Mixture No. 2 0-606 85 
Unsterilized -f Mineral Mixture No. 3 0-485 48 

0" 353 Unsterilized 4 Mineral Mixture No. 4 198 

Unsterilized 4 Mineral Mixture No. 5 0-325 173 

Unsterilized 4 Mineral Mixture No. 0 0*231 94 
1*056 28 ¥ Unsterilized 4 Mineral Mixture No. 7 

Unsterilized 4 Mineral Mixture No. 8 1073 30 

Sterilized (steam) 0-801 144 0-608 4ii 1-544 88 

Sterilized (formalin) 
Sterilized (steam) 4 Mineral Mixture 

0 • 845 150 ,, • - 

No. 3 1*014 - 209 

Difference for significance 0-117 36 0-074 62 0-211 1 26 
* Decrease. 

Note.—For compositions of Mineral Mixtures see Table 7. 

Field Experiments, 1938-40. 

On the farm of Mr. C. P. Dahlenburg, Nhill, the effects of 
mineral treatments on the growth and disease reaction of wheat 
on black and red fallow ground, and of oats on black wheat 
stubble soil have been studied during 1938-40 inclusive. The 
experiments were intended to lie complementary to the greenhouse 

work described above. 

Method. 

The various minerals were mixed with superphosphate in the 
desired proportions and applied with the drill at seeding time. 
The compositions of the mineral mixtures used in each season are 
shown in Table 9, and tests in which they were included are 

indicated in Tables 10, 11, and 12. 

All plots were 0-0322 acres in area, and each treatment was 

replicated three or four times in randomized blocks. 
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During the season, random samples of approximately 60 plants 

were obtained from each plot and were examined for the 

prevalence of root-rot lesions. For comparison purposes, two 

samples were taken from the black fallow experiments, the first 

just prior to heading and the other very shortly before harvest 

when the roots were becoming senile. 

The examination took into account the number of lesions in 

relation to the root development and general vigour of each plant, 

which was then allotted points according to the following 

schedule:—Very severe, 5 points; severe, 4 points; moderate, 3 

points; light, 2 points; very light, 1 point; and no lesions, nil. 

The root-rot index of the sample was then obtained as follows:— 

Total points scored 100 

Root-rot Index =-X- 
(Total number of plants in sample) X 5 1. 

The yields of either grain or hay were obtained at the end of 
each season. 

Results. 

In each season, particularly the early portion, certain of the 

mineral mixtures tested produced very much superior growth in 
both wheat and oats to that induced by zinc sulphate alone (Plate 

XI., fig. 8; Plate XII., fig. 12). The greatest increases occurred 

in oats on stubble. Unfavorable climatic conditions in the latter 
part of each season, however, adversely affected the growth of 

the mineral treated plants in relation to that of the other 

treatments. 

During 1938 and 1940 drought conditions were experienced, 
and the plants which were most forward early in the season 

suffered most later from the continued dry weather. In 1938 
practically all the oats on stubble died before reaching maturity, 

while in 1940 they were too short to cut. In 1939 a series of very 
severe frosts occurred just prior to and during the heading of 
the mineral treated plants (which were the first to mature) while 

the later plants not receiving the mixtures escaped serious injury. 

For these reasons, the differences in the final yields obtained 
from the various treatments were not in accordance with the 

early and mid-season appearances induced by the treatments. 

The results of these, and of numerous other experiments con¬ 
ducted by the Department, have shown the importance of the 
incidence of the spring rainfall and late frosts in relation to the 
time of heading and flowering of wheat, in determining both the 
apparent severity of root-rot lesions and the yield of the crop. 
It is a well established fact that plants at the flowering stage are 
conspicuously sensitive to drought (Loehwing 1940). 
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Table 9.—Field Mineral Treatment Experiments, Nhill. 1938-40, 
Showing Compositions in Pounds per Acre of Mineral Mixtures 

Used in Each Season. 

Mixture Number. 

i. 2. 3. 4. [ 5. 0. 7. 8. 9. 10. ii. 12. 13. 14. 

1938. 
Superphosphate 
Sulphate of ammonia 
Zinc sulphate 
Manganese sulphate .. 
Magnesium sulphate 
Copper sulphate 
Borax 
Cobalt chloride 

112 

is 
20 
30 

112 
5G 
15 

30 

112 
50 
15 
20 
30 

112 
50 
15 
20 
30 
2 

0*5 

112 
56 
15 

4 

112 
50 
15 

i 

1939. 
Super phosphate 112 112 112 112 84 84 84 84 84 84 112 
Sulphate of ammonia 37 37 50 50 28 28 28 28 28 28 50 
Ziuc sulphate 10 10 10 15 10 10 10 10 10 10 
Manganese sulphate ,. 10 10 10 20 10 10 10 10 10 10 20 
Magnesium sulphate 10 10 10 30 10 10 10 10 10 30 
Copper sulphate 2 4 2 2 2 o o 2 2 _2 2 
Borax 0-5 1 0*5 0*5 0*5 0-5 0*5 0*5 0*5 0- 5 0*5 
Iron sulphate 10 10 10 
Cobalt chloride 9 2 2 
Potassium sulphate .. •4 •» 10 
Sodium iodide 
Potassium bichromate 
Nickel chloride 0’5 
Ammonium molybdate 0*5 
Barium chloride 0*5 
Tin chloride 

1940. 
Superphosphate 112 112 112 112 112 112 112 112 112 56 50 50 50 56 
Sulphate of ammonia ,. 28 28 28 28 28 28 56 50 50 50 50 56 56 
Zinc sulphate 10 10 10 10 10 10 10 10 10 10 10 10 
Manganese sulphate .. 10 10 10 10 10 10 10 io 10 io 10 
Potassium sulphate .. 15 is 15 15 15 10 10 15 15 15 is 10 
Copper sulphate 3 
Iron sulphate 10 10 10 10 10 
Magnesium sulphate 10 10 10 10 
Cobalt chloride 2 

Ammonium molvbdate 2 
Nickel sulphate 2 

In some seasons, the application of superphosphate to wheat on 

Wiiumera black ground has increased the yield by as much as 

100 per cent., yet in other seasons this treatment has had no 

significant effect on yield. The importance of weather conditions 

on the response of wheat to fertilizers has also been recognized 

by Russell and Sallans (1940) in their work on common root-rot. 

The high yields obtained in 1940 on black fallow soil when the 

yearly rainfall was approximately 10 inches (half normal) of 

which only 5^ inches fell during the growing period, are 

attributable to the conservation of soil moisture by sound 

cultural practices during the fallow period preceding sowing. 
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Table 10.—Results of Mineral Treatment Experiments with Ghurka 

Wheat on Black Fallow Soil, at Nhill, During the Seasons 

1938 to 1940, Showing the Effects of Treatments on the Root-rot 

Index and Yield. 

1938. 1939. 1940. 

Root Rot 
Index. 

Root Rot 
Index. 

Treatment per Acre. 

R
o

o
t 

R
o
t 

In
d
e
x
. 

Y
ie

ld
, 
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s
./

a
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ir
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1
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S
e
c
o
n
d
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a
m
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9
th

 D
e
c
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b
e
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Y
ie

ld
 B

u
s
./

a
c
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Untreated 40*2 66*0 27*3 55*3 64*3 38*8 
Superphosphate, I cwt. .. 45-3 26*4 43*1 54*2 26*0 44*8 53*9 43*0 
Superphosphate, \ cwt,. + Zinc sul¬ 

phate, S lb. .. 38*2 28*9 
Superphosphate, 1 cwt. -f Zinc sul¬ 

phate, 10 Jb. .. 39*2 48*4 30*5 48*0 53*4 46*1 
Superphosphate, 1 cwt.. + Zinc sul¬ 

phate, 16 lb. .. 38-0 28'3 
Superphosphate, 1 cwt. 4- Zinc sul¬ 

phate, 30 lb. .. 39-3 28*0 
Superphosphate, 1 cwt.. -}- Brown 

Zinc dross, 16 lb- 37-9 27*5 
Superphosphate, 1 cwt. -j- Sulphate 

aiumouia, 37 lb. 
Superphosphate, 1 cwt. -t- Sulphate 

ammonia, 37 lb -j- Zinc sulphate, 
10 lb. 

38*2 53*5 28*4 

32-7 54*5 31*5 
Superphosphate. 1 cwt. 4- Sulphate 

ammonia, 66 lb. 4- Zinc sulphate, 
15 1b. 38*4 29*4 

Superphosphate 1 Cwt. 4- Sulphate 
ammonia 28 lb. 50*4 55*0 43*2 

Superphosphate 1 cwt. 4- Sulphate 
ammonia 28 lb. 4- Zinc sulphate 
10 lb. 47*1 58*1 42*3 

Mineral mixture No. 1 .. 40*4 27-0 34-4 64*6 28*8 48*6 57*8 42 *i 
Mineral Mixture No. 2 .. 37*2 30*1 34-0 54*9 29*6 46*4 58*6 42*2 
Mineral Mixture No. 3 .. 30-5 30*3 38-3 66*7 29*0 46*7 57*9 43*0 
Mineral Mixture No. 4 .. 34 *6 31*4 25-5 52*7 30*3 42*3 61*4 43*7 
Mineral Mixture No. 5 .. 38’5 28‘4 39-8 51*0 28*9 49*1 60*7 45*1 
Mineral Mixture No. 6 .. 33-3 29-6 35*0 45*9 30*6 46*8 60*6 45*7 
Mineral Mixture No. 7 .. 31*0 62*0 30*8 46*9 52*1 43*5 
Mineral Mixture No. 8 .. 33-6 52*6 29*2 49*0 57*8 43*5 
Mineral Mixture No. 9 .. , , 33-3 47*8 28*1 53*5 57*6 43*0 
Mineral Mixture No. 10 .. 34*0 46*1 29*1 •• 

Difference for significance 3*9 2-4 63 13-2 2*3 5*7 17*9 4*0 

Note.—For compositions of the mineral mixtures used in each season, see Table 9. 

Wheat—Black Fallow Soil. 

With regard to the wheat experiments on black fallow ground, 
it will be seen from Table 10 that certain of the treatments 
significantly decreased the severity of root-rot lesions and 
increased the yield, although as stated above the increases 
in yield were not as great as the early appearances of the 
plots would indicate. Owing to the adverse seasonal conditions 
experienced, the differences in yield due to applications of zinc 
sulphate in 1938, 1939, and 1940 were not comparable with those 
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obtained in the previous two seasons ( Millikan 1938). Although 
all the mineral mixtures produced an improvement in growth 
over plants treated with superphosphate or superphosphate plus 
sulphate of ammonia only, the plants receiving the No. 4 mixture 
in 1938 and 1939 were outstanding in regard to both height and 
depth of colour, particularly during the early parts of both 
seasons. 

The No. 4 mixture was also more effective than the treatment 
superphosphate plus sulphate of ammonia plus zinc sulphate, thus 
confirming the results of the greenhouse experiments to the effect 
that some minerals other than zinc are important in inducing 
improvements in growth on Wimmera black soil (Table 8). The 
latter treatment was superior to either superphosphate plus 
sulphate of ammonia or superphosphate plus zinc sulphate, a result 
similar to that of Vanterpool (1940) in connection with browning 
root-rot of cereals. He found that nitrogenous fertilizers were of 
little or no value when applied singly, but when the phosphorus 
deficiency had been rectified, nitrogenous applications gave a 
further beneficial response. This is of particular interest as 
browning root-rot associated with Pythium sp. occurs in Wimmera 
black soil. 

During the stage when marked differences in growth were 
apparent, the severity of root-rot lesions on the plants showing 
marked responses to the mineral treatments was significantly 
reduced. Samuel (1934) has made a similar observation in 
connection with the percentage of u take-all ” infestation on 
manorial plots at the Waite Institute. High yield was associated 
with a small amount of take-all and vice versa. 

The severity of lesions is evidently related to factors affecting 
the vigour of the plant; mineral treatment cannot make up for 
an inadequate rainfall, particularly immediately preceding and 
after heading. Such an inadequacy will seriously affect plant 
vigour and increase the apparent severity of root-rot damage. 
The deleterious effects of continued dry weather was relatively 
greatest in plants receiving mineral treatments which, earlier in 
the season, showed the, greatest growth, and therefore had a 
greater normal water requirement than untreated plants. For this 
reason, treatments which were accompanied by a significant 
decrease in the root-rot index at the time of the first sampling 
before heading, produced no such change at the time of the second 
sampling shortly before harvest. 

At this stage, when the grain was practically dead ripe and the 
roots were becoming senile, the root-rot index was much higher 
than that at the time of the. first sample just prior to heading. 
It was considered unlikely, however, that this increase in the 
root-rot index at such a late stage in the life of the plant would, 
in itself, have any significant effect on yield. 
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A large number of lesions on the wheat roots were cultured 
at each sampling to determine the relative abundance of the fungi 
associated with them. 

The following are the fungi which were isolated, in order of 
their relative abundance:— 

1938- 
H elminthosporium sativum, Fusarium sp., Fusanum cuhnorum, 

Dendryphium sp. (Plate XI., fig. 10), Ophiobolus graminis, 
Curvularia ramosa and Pythium sp. 

Eelworms (Hcterodera schachtii and Pratylenchns pratensis) 
occurred to a limited extent. 

1939- 

First Sampling, 20th August. 

Pythium sp., Phoma spp., Stemphylium lanuginosum, Helminthosporium 
sativum, Curvularia ramosa, Fusarium cuhnorum, and Dendry¬ 
phinm sp. 

Second Sampling, 4th December. 

Fusarium cuhnorum, Dendryphium sp., Fusarium sp., Periconia 

circinata, Curvularia ramosa, Macrosporium sp., Fusarium monili- 
forme, var. subglutinans; Fusarium scirpt, var. c ompactum; 
H elminthosporium sativum; Ophiobolus graminis, Rhizoctonia 
solani, and Wojnowicia graminis. 

Eelworms (Hcterodera schachtii and Pratylenchns pratensis) 
also occurred to a limited extent. 

1940- 

First Sampling, 16th September. 

Pythium sp., Fusarium sp., Fusarium cuhnorum, Dendryphium sp., 
O phiobolus graminis, H dm ill t h o spa hit m sativum, Fusarium scirpi, 
var. compactiim, Fusarium sp., Stemphylium lanuginosum, 
Rhizoctonia solani, and Periconia circinata. 

Second Sampling, 9th December. 

Pythium sp., Fusarium sp., Dendryphium sp., Fusarium cuhnorum, 
Periconia circinata, Sclcrotimn sp., IIelminthosporium sativum, 
Fusarium scirpi, var. compaction, Ophiobolus graminis, Altcmaria 
sp., Rhizoctonia solani, Fusarium moniliformc, var. subglutinans, 
Stemphylium lanuginosum, and an undetermined sterile fungus. 

Eelworms also occurred commonly. 

It will be seen that a complex succession of fungi was 
associated with the root-rot lesions. Simmonds and Ledingham 
(1937), Sprague (1938), and others have similarly reported that 
cereals may be attacked by a complex of soil-borne fungi, while 
Garrett (1936), Lai (1939) and others have found that a similar 
sequence of organisms to that reported above occurred in wheat 
plants affected with take-all following the invasion of the root by 
the primary parasite. 

Entry of the fungi into the roots may he facilitated by eelworm 
attack or by the breaking, at more or less regular intervals, of the 
tissues of the young roots outside the vascular areas which has 
been frequently found to occur in wheat plants growing on Nhill 
black soil (Plate XI., fig. 9) ; similar symptoms have been observed 
on the sub-crown internode. The cause of this phenomenon is at 
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present unknown; it may, however, be related to the fact that this 
soil expands and contracts appreciably with changes in its moisture 
content. 

It is also of interest to note that Periconia circinata also occurred 
among Glynne’s (1939) isolations from wheat at Rothamstead. 

The fungus, tentatively referred to Dendryphium} is believed to 
be previously unrecorded in pathological history. On potato- 
dextrose-agar it produces dense, dark olive green to black colonies 
with a lighter coloured aerial growth. Large chlamydospores of 
very variable shape occur freely, while conidia are produced very 
sparingly on the aerial mycelium. The latter are ovoid, dark, 
4 to 9 celled, sometimes branched, 15-27/x X 7-10^, acrogenous, 
usually solitary, very occasionally catenate on short geniculate 
conidiophores (Plate XI., fig. 10). 

Wheat—Red Fallow Soil.—The Wimmera red soils are lighter 
in texture, and poorer in some mineral nutrients, lime and organic 
matter than the black soil (Table 5). Their pH is in the vicinity 
of 6*5 to 7*0 as against about 8*3 for the black type. Although 
lighter, these red soils are not as easily worked as the black. 
They dry out readily, tend to set, and do not show the self- 
mulching properties of the black soils. 

None of the treatments tested (Table 11) produced the same 
relative improvement in growth as was obtained on black ground, 
indicating that the red soil presents a problem different from that 
of the black ground. It is evident that the mineral treatments 
applied to date have not been suitable to its particular requirements. 
This confirms the results of the greenhouse experiments shown 
in Tables 5 and 8. The results of analyses in Table 5 show some 

of the important differences in the mineral composition of plants 
grown on red and black soils respectively. In Western Australia 
Teakle and Thomas (1939 ) have had a similar experience. They 
found that mineral mixtures significantly depressed the yields of 
wheat on various soil types, although in one instance the mixture 
produced a deeper green colour in the early stages of growth. 

In 1939 a significant reduction in the root-rot index and a 

significant increase in yield was produced by a dressing of 
superphosphate 84 lb. + sulphate of ammonia 28 lb. + zinc 

sulphate 10 lb. per acre. 

In contrast with the experience in 1939, much higher root-rot 
indexes and lower yields were obtained from the red fallow plots 
than from those, on black fallow ground in 1940. This is 
attributable to the much lower incidence of rainfall in the latter 
year, which obviously affected the plants on the light red soils to 
a much greater degree than those on the heavier, more moisture 
retentive, black soil. It was estimated that in 1940, nearly 
50 per cent, of the plants grown on the red soil produced “ dead 
heads ”, and the grain in the remainder was very light and pinched. 

5089/42.—3 
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Table 11—Results of Mineral Treatment Experiments with Ghurka 

Wheat on Red Fallow Soil at Nhill 

Treatment per Acre. 

1939. 

Superphosphate 84 lb. 
Superphosphate 84 lb. + Zinc sulphate 10 lb. .. 
Superphosphate 84 lb. 4- Sulphate ammonia 28 lb. 
Superphosphate 84 lb. + Sulphate ammonia 28 lb. + Zinc sulphate 

10 lb. .. 
Mineral Mixture No. 6 
Mineral Mixture No. 9 

Difference for significance 

1940. 

Untreated 
Superphosphate 1 cwt. 
Superphosphate 1 cwt. -f Zinc sulphate 10 lb. 
Superphosphate 1 cwt. -f sulphate ammonia 28 lb. 
Superphosphate 1 cwt. + sulphate ammonia 28 lb. -f Zinc sulphate 

10 lb. .. 
Superphosphate 1 cwt. + Sulphate ammonia 28 lb. + copper sul¬ 

phate 5 lb. 
Superphosphate 1 cwt. -f Sulphate ammonia 28 lb. + Manganese 

sulphate 10 ib. .. 
Superphosphate 1 cwt. + Sulphate ammonia 28 lb. + Iron sulphate 

10 lb. .. 
Mineral Mixture No. 7 

Difference for significance 

ing 1939 AND 1940. 

tOT Index and Yield, 

Root Rot Yield 
Index. Bus./ac. 

3rd 
November. 

63-1 20'6 
60-8 19-8 
669 19-2 

54-7 24*0 
58-7 20’ 5 
59-7 22*2 

4-5 3’9 

27th 
November. 

80-4 9’6 
89-2 11’8 
93-4 10’9 
92-9 12-1 

82-6 10*7 

84-2 11*0 

90-3 9-3 

92-1 11-0 
90-1 11*5 

7-7 0’7 

Note.—Tor compositions of mineral mixtures used in each season, see Table 9. 

The lower root-rot index of the untreated plants in 1940 was 
due to the fact that at the time of sampling, which was very late 
in the season, these plants were much more immature than those 
receiving the remaining treatments. 

The following fungi, in order of their relative abundance, were 
found to be associated with lesions on the roots of the wheat 

plants grown on red soil:— 

1939- 
Fusarimn culmorum, Fusarium monihforme, Fusarium scirpi, vw\ 

compactum, Sclerotium sp.f Ophiobolus graminis, Fusarium sp.. 
Phoma sp., Curvularia ramosa, Periconia circinata, Alternaria sp., 

and an undetermined fungus. 

1940- 
Fusarium culmorum, Fusarium scirpi, var. compactum, Fusarium 

moniliforme, Hclniinthosporium sativum, Fusarium spCurvularia 
ramosa, Hdminthosporium sp., Sclerotium sp., Ophiobolus 

graminis and Phoma sp. 
Over 80 per cent, of the isolations consisted of either one of 

the first three Fusarium species listed above. 

Oats—Black Wheat Stubble Soil.—Oat experiments on black- 
wheat stubble soil were conducted during the seasons 1938-1940 
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inclusive; the varieties of oats used were:—1938 and 1939 Mulga, 
1940 Gidgee. Severe drought conditions were experienced in 
1938, and the. majority of the oat plants died before reaching 
maturity. Observations indicated, however, that treatment with 
superphosphate 1 cwt. + sulphate of ammonia 56 lb. + zinc 
sulphate 15 lb. per acre, and also mineral mixture No. 4 (see 
Table 9 for composition) produced an appreciable improvement 
in growth in the early stages of development. No response was 
observed from applications of superphosphate + zinc sulphate. 

Details of the treatments sown in 1939 and 1940 are shown 
in Table 12. 

Table 12.—Results of Mineral Treatment Experiments with Oats 
Grown on Black Wheat Stubble Soil at Nhill during 1939 and 

1940, Showing the Effects of Treatments on the Root-rot Index 
and Yield. 

Treatment per Acre. 

1939. 1940.* 

Boot Bot 
Index. 

2nd October. 

Hay Yield, 
cwt./ac. 

Grain 
Yield. 

bus./ac. 

U ntreaterl 22-8 28*4 11*9 
Superphosphate 4 cwt. 12 3 
Superphosphate 1 cwt. 22-0 28*4 
Superphosphate 1 cwt. 4- Zinc sulphate 10 lb. 23-1 29*8 
Superphosphate 1 cwt. 4- Zinc sulphate 40 lb. 20-0 29*6 
Superphosphate 1 cwt. + Sulphate ammonia 37 lb. 23 3 33*5 
Superphosphate ?, cwt. 4- Sulphate ammonia 56 lb. 13*1 
Superphosphate 1 cwt. 4- Sulphate ammonia 37 lb. 

-|- Zinc sulphate 10 lb. 19-4 32*7 
Superphosphate $ cwt. 4- Sulphate ammonia 50 lb. 

-f Zinc sulphate 10 lb. 13*5 
Superphosphate \ cwt.. 4- Sulphate ammonia 56 lb. 

4- Copper sulphate 5 lb. 13*3 
Superphosphate i cwt. 4- Sulphate ammonia 56 lb. 

-1- Manganese sulphate 10 lb, .. 12*7 
Mineral Mixture No. 1 16-3 33*4 
Mineral Mixture No, 4 16-8 37*9 
Mineral Mixture No. 6 20-2 33*6 
Mineral Mixture No. 8 14 1 
Mineral Mixture No. 9 2U9 31-G 140 
Mineral Mixture No. 10 19*7 30*6 13*7 
Mineral Mixture No. 11 17 ¥ 9 37*9 14*6 
Mineral Mixture No. 12 14*8 
Mineral Mixture No. 13 15*3 
Mineral Mixture No. 14 15*6 

Difference for significance 6*0 2-5 20 

* In 1940 onJy a composite sample for disease observation was obtaiued at harvest. 
The root rot index of this sample was 43 1. 

t For compositions of the mineral mixtures used in each season, see Table 9. 

Relatively greater differences in growth were induced between 
these treatments (Plate XII., fig. 12) on stubble and similar 
treatments on fallow. These differences in growth were 
accompanied by significant decreases in the severity of root-rot 
lesions, and significant increases in the yield of hay or grain 

(Table 12). 
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The root-rot indices of the stubble oat samples were found to be 
considerably lower than those of the wheat plants grown on 
fallow. The significance of this is discussed below. 

The following fungi, in order of their relative abundance, were 
found to be associated with lesions on the roots of oats obtained 
from these experiments:— 

Dendryphmm sp., Curvulctria ramosa, Fusarium culmorum, Allernaria 
sp., and an undetermined sterile fungus. 

Discussion. 

The field mineral treatment experiments with wheat and oats 
afford confirmation of the results of the greenhouse mineral 
treatment experiments with Wimmera soil, in which, in some 
instances, improvements in growth approaching that produced by 
soil sterilization resulted from the application of certain mineral 
mixtures. In view of this result, it is obvious that the beneficial 
effect of soil sterilization on plant growth is not attributable 
solely to the destruction of soil-borne plant parasites, but rather, 
as has been demonstrated in an earlier section of this paper, to 
the increase in the availability of plant nutrients. Evidence was 
thus obtained that other elements in addition to zinc may be of 
importance in stimulating the growth of cereals on Wimmera 
black soil. The stimulation induced by the application of these 
elements was greater on stubble than on fallow soil. 

A fact of great significance is that the relative improvement in 
growth at harvest, induced by the mineral mixtures, has been 
much greater under greenhouse than under field conditions. It 
was evident that the soil moisture content had a governing 
influence on responses resulting from the application of such 
mixtures. While adequate soil moisture was at all times 
available to the greenhouse plants, the field plants, particularly 
early in the springs of 1938 and 1940, suffered periods of severe 
drought, the effects of which on the plants was dependent entirely 
on the relative growth and degrees of maturity induced by the 
various treatments. As the mineral treated plants always showed 
the greatest initial growth and earlier maturity, it was they which 
were most severely affected by periods of drought. Loehwing 
(1940) has stated that plants are very conspicuously sensitive to 
drought during the flowering period. 

Mineral treatment has been much more effective in improving 

the growth of cereals on black than on red ground. The latter 
soil differs in important respects from black soil, some of which 

are evidently limiting factors in relation to the responses induced 

by such treatments as have been applied to date; the treatments 

applied must obviously be such as to meet the particular needs 
of the soil concerned. 
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The growth of wheat and oats on black wheat stubble soil in 
the Wimmera district is normally much inferior to that obtained 
with either wheat or oats on fallow. It is of significance, 
therefore, that the stubble oat root-rot indexes shown in Table 12 
are very much lower than those obtained in the wheat treatments 
on fallow (Table 10). Another important fact is that the 
relative responses resulting from the application of certain 
nutritional treatments to wheat or oats on stubble have been 
relatively much greater than those induced by similar treatments 
in wheat on fallow. These results indicate that the poor growth 
on stubble is associated more with the inability of the plant to 
obtain an adequate supply of certain nutrients from the stubble 
soil than to the effects of a severe infestation of parasitic root-rot 
fungi. It must be emphasized that this conclusion applies for 
wheat as well as oats grown on Wimmera black wheat stubble 
soil, as the former cereal was used exclusively in the greenhouse 
experiments. The presence of wheat straw obviously did not 
increase the pathogenicity of soil-borne pathogens to the extent 
that they became a serious limiting factor to the growth of wheat 
on wheat stubble. This conclusion appears to be in contrast to 
that of Tyner (1940), who found that in greenhouse pathogenicity 

tests with Ophiobolus gram inis and Helminthosporium sativum 
the development of disease on the basal parts of wheat seedlings 
was greatest in the presence of wheat straw compost, and least 
in oat straw composts. He concluded that a greater biological 
control of the pathogens resulted from the activities of micro¬ 
organisms associated with the decomposition of oat straw than 

wheat straw. 

The number of micro-organisms is much greater in cropped 
than in fallow soil (Waksman 1931, Starkey 1931, Timonin 
1940a). Penman and Rountree (1932) also found this to 
be so under Victorian conditions. They confirmed Starkey's 
observations to the effect that the growth of the crop interfered 
with the accumulation of nitrate in the soil, the cropped soil (after 
allowances for the nitrate in the crop itself) containing less nitrate 
than adjoining fallow soil. It has been suggested (Russell 1927), 
that one of the chief causes of the depressed nitrate content of 
cropped soils is its utilization by the increased population of soil 

organisms. 

To this utilization of nitrate by organisms decomposing the 
soil organic matter is attributable the depression of nitrates which 
is a characteristic feature of Victorian stubble soils. This large 
population similarly builds into its thallus the other soil nutrients 
which are essential for its growth. After a period of fallow, 
during which the completion of the decomposition of the crop 

debris occurs, these nutrients are again rendered available to the 
plant through the autolysis of the organisms. The effect of 

fallowing, in this regard, is therefore similar in nature though 
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not in degree to that of soil sterilization. Starkey (1938) has 

found that fungus hyphae were abundant even in fallow soil. 
Therefore, the sterilization of such soils and the, subsequent 

autolysis of these organisms renders further mineral nutrients 

available to the plant. 

The above is considered to be the explanation of the much 

greater response obtained from the application of mineral 
mixtures to stubble than to fallow soils, and the increased 

availability of minerals and the relatively greater improvement 
in growth of stubble sown, as compared with fallow sown plants, 

which results from sterilization of these soils. 

These conclusions suggest the concept that a soil organism may 
have a deleterious effect on plant growth as a result of its 
saprophytic existence in the rhizosphere. It would follow that 

this effect would be greatest where the available supply of any 
nutrients was normally close to the threshold value for satisfactory 

plant growth in that soil. References to specific instances in the 
literature, where the deleterious effect of soil saprophytic 
organisms has been demonstrated, were cited earlier in this paper. 
A very brief discussion of the possible effects of changes in the 
soil reaction on the competition for the soil minerals between the 

soil organisms and the plant was also made. 

In view of the$e results, it is considered that the question of 
the effects of stubble on the occurrence of root-rot disease requires 
further examination, as it has often been assumed that ploughing 
in of stubble favours the development of the disease. The above 
experiments have shown, however, that the poor growth of plants 
on stubble may be due to a large degree, to factors other than 
the direct effects of parasitic fungi. Indeed, the antagonistic 
effects on root-rot fungi of the organisms associated with the 
decay of wheat stubble in the soil (Garrett 1934, Waksman 1937, 
Lai ^1939, Sandford and Cormack 1940) may decrease very 
appreciably the virulence of root-rot fungi in such soil. On the 
other hand, this saprophytic flora may be the indirect cause of the 
poor growth of cereals on stubble soils due to its demands on the 

available soil minerals. 

These conclusions may be important in areas such as the 
Victorian Mallee district where the ploughing in of wheat stubble 
is recommended in preference to “ burning off ” to help check the 

tendency of the soil to drift. Any immediate benefit that 
“ burning off ” may have over that of “ ploughing in ” of stubble 
may be due at least as much to the readily available mineral ash 
which is returned to the soil as a result of the former practice, 
as to any destruction of fungus inoculum. In this regard, the 
writer has often observed in the case of Wimmera black soils 
that a much better growth of stubble sown oats results on patches 
where the stubble, straw has previously been raked into small 

heaps before burning. 
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It would seem from the results of these greenhouse and field 
experiments that deficiencies of, firstly, soil moisture, and 

secondly, available soil nutrients are of more importance than the 
direct effects of root-rot fungi in limiting the growth of cereals on 

Wimmera black soil under field conditions. Lack of adequate 
soil moisture has the greatest effect on the plant immediately 
prior to and during heading. Some of the principal effects of 
soil drought on the wheat plant have, been discussed by Loehwing 

(1940) and Whiteside (1941). 

There is no doubt that physiological disturbances in the plant, 
induced by adverse changes in the moisture and available nutrients 

of the soil, profoundly affect the apparent severity of root- and 
foot-rot disease. References relating to the relationship between 

mineral deficiencies and the disease have been cited earlier. It 
has been observed in Victoria that “ dead heads ” may be very 
prevalent in wheat grown on Wimmera red soil in seasons in 
which very dry weather is experienced. These soils are lighter 
in texture than the black and have a lower moisture holding 
capacity. Similar observations on the effects of dry weather have 
been made by Schaffnit (1930), Machacek and Greaney (1935), 
Hynes (1937), Shen (1940), and others. Under such conditions, 

the nutritional relationships of the plant are not good, and the 
direct effects of the associated fungi are of secondary importance 
when compared with the effects resulting from the occurrence of 
an unfavourable plant environment during a critical period in 

the development of the plant. 

A somewhat similar conclusion has been arrived at by the 
Council for Scientific and Industrial Research (Anon. 1940). 
From experimental evidence it has expressed the tentative view 
that the “ white-head99 condition, which in the field often 
accompanies the presence of Ophiobohis graminis in the base of 
the wheat plant, is the expression of physiological trouble 
associated with the chemical composition of the soil. In this 
regard, it should be noted that striking results in the elimination 
of “ dead heads ” in wheat have been obtained by the application 
of copper sulphate to certain areas in Western Australia (Teakle 

et al 1941). 

Such a condition is parallel to the occurrence of oat blast, which 

Johnson and Brown (1940) have demonstrated to be induced by 
any adverse influence on the normal nutritional condition of the 
oat plant, from the time the spikelets are initiated until just prior 

to the emergence of the panicle. 

It has also been shown that adverse environmental factors 
immediately prior to and during heading may profoundly influence 

the response of cereals to fertilizer treatments. 

The fact that the presence of parasitic fungi in the roots of 
cereals is often accompanied by more or less severe symptoms of 

disease in other parts of the plant does not necessarily mean, 
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therefore, that such symptoms are the direct result of the presence 

of the, parasite in the roots of the plant. It has been shown that 
in some instances at least, they are more the outward expression 
of physiological disturbances in the plant induced by an 

unfavourable environment, than the results of the attack of 

parasitic organisms. Where the environment is favourable for 
plant growth, the presence of the, root parasite may not have any 
observable effect on the growth and yield of the plant. Such a 

case has been recorded by Samuel and Greaney (1937). They 
isolated Fit sari uni culmorum from the roots of very healthy wheat 
plants in crops in various parts of England. Some of the 

isolations when tested out in the greenhouse proved pathogenic. 

Similarly, the writer has freely isolated Fusarium culmorum, 

Helminthosporium sativum, Curvularia rarnosa and a number of 
other fungi from the roots of otherwise healthy plants, growing 
in one instance in a crop which yielded almost 60 bushels per acre. 

As Samuel and Greaney have pointed out, much work has been 
directed towards the status of such fungi as parasites, and that 
only recently has attention been paid to their status as weak 
secondary parasites. A full knowledge of the predisposing factors 
encouraging parasitic action is obviously essential to facilitate the 
solution of the problem of the control of foot- and root-rot 
diseases of cereals. The compilation of Beeson (1941) has shown 
the important influence of soil type on the mineral composition 
of plants. This aspect, as it affects the root-rot problem, has 

received little attention from pathologists. 

The results of other research work relevant to the above 

conclusions have been exhaustively reviewed by Garrard and 
Lochhead (1938), Garrett (1939), Sandford (1939), and 

Simmonds (1939). 

Root-rot of cereals, as it occurs in the Wimmera district of 
Victoria, cannot be regarded simply as due to the attack of a 
single organism, but rather to a complex of organisms. It 
follows from the foregoing that unless the physical, chemical, and 
biological conditions of the soils were comparable, the results 
of greenhouse pathogenicity tests with a fungus selected from a 
complex of foot- or root-rot fungi, would have little or no 
relation to the effects of the same organism under held 

conditions. 

Summary. 

Using purified synthetic nutrient solutions, the elements 
manganese, copper, zinc, and iron were found to be essential for 
the growth of three of the, root-rot fungi occurring in Wimmera 
black soil, namely, Fusarium culmorum, Helminthosporinm 

sativum, and Curvularia rarnosa. 
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Amino nitrogen improved the yields of F. culniorum and 
C. ramosa, but caused sectoring in H. sativum. The growth of 
the latter fungus was stimulated by the addition of vitamins Bi, 
C and nicotinic acid to the nutrient solution. 

Steam sterilization of Wimmera black fallow soil resulted in 
a very appreciable improvement in the growth of wheat, but 
concomitantly exercised a deleterious effect on the response of 
the plants to the application of zinc sulphate. Analyses of the 
plants showed that this effect may actually be associated with an 
excess of zinc in the plant, as it was found that the calcium, 
potassium, phosphorus, manganese,, zinc, copper and nitrogen in 
the soil had become more available to the plant as a result of the 
sterilization of the soil. The percentage of iron in the plants 
was reduced by sterilization. Similar changes in the availability 
of minerals resulted from the sterilization of Wimmera red fallow 
soil. 

Steam sterilization had no effect on soil reaction. Formalin 
sterilization induced a similar or better improvement in growth 
to steam sterilization. 

Comparative analyses of wheat plants grown on Wimmera 
black and red fallow soils respectively showed that on the latter 
type of soil the plants contained the highest phosphoric acid 
(P205), zinc and copper, and the lowest lime (CaO), potash 
(ICO), iron and manganese percentages. 

The zinc responsiveness of Wimmera black soil, which is 
destroyed by steam sterilization, can be re-established by 
inoculating such sterilized soil two months prior to sowing with 
bacteria normally occurring in unsterilized soil. The re-inocula¬ 
tion of sterilized black fallow soil with some of the fungi and 
bacteria normally present in unsterilized soil, or with 1 per 
cent, of unsterilized soil two months before sowing, had no 
significant effect on the mineral composition of the plants four 
weeks after germination, but decreased the percentages of 
phosphoric acid (P205), potash (ICO), magnesia (MgO), zinc 
and manganese in the plant at eight weeks after germination. 

At this time, however, the general nutritional level of the plants 
grown in the re-inoculated soil was still much higher than that of 

plants growing in unsterilized soil. 
The increase in plant growth resulting from soil sterilization 

has been relatively much greater on Wimmera black wheat stubble 
soil than on comparable fallow soil. Similarly the responses to 
the application of mineral mixtures under both field and 
greenhouse conditions have been greater on black stubble soil than 
on fallow soil. During the growth of the plant up to the heading 
stage, the improvement induced by the addition of the mixtures 
to stubble soils under greenhouse conditions has in some instances 
been equal to or even better than that resulting from soil 
sterilization. After this stage the sterilized soil plants usually 

showed best growth. 
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It follows that the normally poor growth of oats or wheat 

obtained on Wimmera black stubble soils is attributable less to the 
occurrence of root-rot infection, than to the inability of the plant 

to obtain an adequate supply of nutrients from the stubble soil. 

Whereas the, inclusion of the elements magnesium, copper, 

cobalt, molybdenum, nickel and boron in the mixtures applied 
to black fallow soil significantly depressed the yield, their addition 

to the stubble soil mixtures caused an appreciable increase in the 
weight of dry matter produced. The process of fallowing 
Wimmera black soil evidently increases the availability of some 

at least of the elements listed above and renders undesirable the 

addition of further amounts of them to the soil. 

These results suggest that soil-inhabiting organisms may effect 

the growth of the plant indirectly by using the soil nutrients for 
their own vital processes, thus reducing the amount available to 
the plant. The effects of this competition on plant growth would 
be most marked where the available supply of any particular 
nutrients normally approached the threshold value for satisfactory 
plant growth in that soil. This develops the concept that a soil 

organism may have a deleterious effect on plant growth because 
of its saprophytic existence in the rhizospliere. 

Environment v has an important effect on the nutritional 
requirements of the plant. Under greenhouse conditions the 
relative improvement in growth resulting from mineral treatment 
was greater than under field conditions where the incidence of 
rainfall in relation to heading was found to be of fundamental 
importance in determining the relative differences in yield induced 

by mineral treatment. 

In the case of Wimmera red fallow soil the relative improvement 
in growth produced by the application of mineral mixtures was 
not as great as that obtained on black fallow soil, indicating that 
any mineral treatments applied must be such as to meet the 

particular needs of the soil concerned. 

In the field, increased growth resulting from the application 
of mineral mixtures to wheat and oats on Wimmera black soil 
was accompanied by significant decreases in root-rot. Numerous 
fungi were associated with root-rot lesions on cereals in the 

Wimmera district of Victoria. 

As the real effect of root-rot fungi on the growth of the plant 
may be considerably less than their apparent effect, it is of great 
importance to distinguish between symptoms caused by physio¬ 

logical disorders in the plant induced by unfavourable 
environmental factors and those caused by the direct effects of 
foot- and root-rot organisms. The alleviation of the physio¬ 
logical disorders will appreciably decrease the apparent severity 

of the foot- and root-rot diseases. 
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Explanation of Plates. 

Plate X. 

Fig. 4.—Mineral deficiency experiment with Curvularia rampsa, showing the appearance 
of the cultures after incubation for six days at 25°C. 

Fig. 5.—Showing the effects of soil sterilization and treatment with zinc sulphate 
respectively on the development of wheat grown in Wimtnera black fallow soil 
at Burnley during 1938. Note improved growth due to soil sterilization. 
Maturity stimulated by the zinc sulphate application to unsterilized soil and 
retarded by a similar treatment to sterilized soil. 

Fig. 6.—Showing comparative effects of soil sterilization and mineral treatment on growth 
of wheat on Wimniera black wheat stubble soil at Burnley during 1939. 
Photographed nine weeks after germination. 

Plate XT. 

Fig. 7.—Showing the comparative effects of soil sterilization and mineral treatment 
on the growth of wheat on Wimmera red fallow soil at Burnley during 1940. 

Fig. 8.—Representative samples of plants obtained 12 weeks after germination from 
wheat experiment on black fallow soil at Nhill during 1939. Note very 
improved growth of the mineral mixture at this stage. 

Fig. 9.—Rootlet from wheat plant grown in Nhill black soil showing breaking at 
regular intervals of tissue outside the vascular area. 

Fig. 10.—Conidiophore and spore of a previously undescribed fungus, tentatively 
referred to the genus Dcndryphium, which is commonly associated with root-rot 
lesions on cereals grown in Wimmera black soil. 

Plate XII. 

Fig. 11.—“Dead heads” in wheat growing on Wimmera red fallow soil. 

Fig. 12.—Representative samples of plants obtained 18 weeks after germination from 
the oat experiment sown at Nhill in 1939 on black wheat stubble soil. 
Treatments as indicated. Note the improvement in growth induced by Mineral 
Mixture No. 4. 


